Abstract: Amoebic keratitis (AK) caused by Acanthamoeba is one of the most serious corneal infections. AK is frequently misdiagnosed initially as viral, bacterial, or fungal keratitis, thus ensuring treatment delays. Accordingly, the early detection of Acanthamoeba would contribute significantly to disease management and selection of an appropriate anti-amoebic therapy. Recently, the loop-mediated isothermal amplification (LAMP) method has been applied to the clinical diagnosis of a range of infectious diseases. Here, we describe a rapid and efficient LAMP-based method targeting Acanthamoeba 18S rDNA gene for the detection of Acanthamoeba using clinical ocular specimens in the diagnosis of AK. Acanthamoeba LAMP assays detected 11 different strains including all AK-associated species. The copy number detection limit for a positive signal was 10 DNA copies of 18S rDNA per reaction. No cross-reactivity with the DNA of fungi or other protozoa was observed. The sensitivity of LAMP assay was higher than those of Nelson primer PCR and JDP primer PCR. In the present study, LAMP assay based on directly heat-treated samples was found to be as efficient at detecting Acanthamoeba as DNA extracted using a commercial kit, whereas PCR was only effective when commercial kit-extracted DNA was used. This study showed that the devised Acanthamoeba LAMP assay could be used to diagnose AK in a simple, sensitive, and specific manner.
INTRODUCTION
Acanthamoeba sp. is free-living protozoan that is abundant in soil, air, fresh water, and ocean sediments, and is associated with different human diseases, such as cutaneous acanthamoebiasis, lethal granulomatous amoebic encephalitis (GAE), and amoebic keratitis (AK) [1] , and AK is one of the most serious corneal infections. The genus Acanthamoeba is classified into 17 different genotypes (T1-T17) based on rDNA sequences [2, 3] , although the majority of AK cases are associated with the T4 genotype. At least 9 species of Acanthamoeba have been identified in ocular infections, that is, A. griffini (T3), A. triangularis, A. castellanii, A. polyphaga, A. rhysodes, A. quina, and A. lugdunensis (T4), A. culbertsoni (T10); and A. hatchetti (T11) [4] [5] [6] [7] .
AK remains a difficult infection to diagnose and manage and is most commonly associated with contact lenses. Recently, the number of young contact lens wearers has increased for correction of myopia and cosmetic purposes [8, 9] , and although rare, AK after corneal laser refractive surgery has been reported [10, 11] . AK is frequently misdiagnosed initially as herpes simplex virus or bacterial or fungal keratitis, ensuing treatment delays, and often allows progress to a state that may cause significant visual loss or perforating keratopathy requiring corneal transplant surgery [12, 13] . Therefore, early diagnosis is required to potentiate more favorable prognosis. A diagnosis of AK is usually established by the microscopic identification of Acanthamoeba from a direct smear of corneal scrapings or cultured specimens, but it is time-consuming and requires technical expertise to discriminate Acanthamoeba cysts or trophozoites, and unfortunately, this frequently leads to delayed appropriate treatment [13] . To improve the detection of Acanthamoeba, molecular diagnostic methods, such as PCR, are increas- ingly used for its early detection in corneal specimens [14, 15] . However, although these assays have been shown to be highly effective for diagnosing AK, they require relatively expensive laboratory equipments, and a trained specialist, which limit their usefulnesses in regions where non-contact lens-related AK is prevalent [16, 17] . Therefore, we considered the need for a simple, rapid, and sensitive diagnostic assay for pathogenic Acanthamoeba.
Loop-mediated isothermal amplification (LAMP) is a relatively simple, sensitive technique based on rapid DNA amplification [18] . The technique requires the target DNA to be specifically amplified by Bst DNA polymerase, which performs strand displacement DNA-synthesis active under isothermal conditions, using a set of 6 oligonucleotides that recognize independent regions of the target gene. The use of 6 oligonucleotides improves the specificity and the speed of amplification and forms a loop-structured amplicon, which produces a typical ladder-pattern of multiple bands [19] . A positive reaction is easily determined by eye as turbidity [20] or by adding fluorescent dyes [21, 22] . LAMP assays have previously been applied to the detection of pathogens, such as viruses, bacteria, fungi, and parasites [19] .
Recently, Lek-Uthai et al. [23] described a LAMP assay targeting 18S rDNA to detect Acanthamoeba in contact lens cases. However, the test was not validated with any specified Acanthamoeba species or clinical ocular samples of AK. Nonetheless, recent increases in the incidence of AK demand an improved diagnostic method. The present study was undertaken to develop a LAMP assay for the detection of Acanthamoeba in clinical ocular samples to enable the diagnosis of AK. The sensitivity and specificity of the devised assay were determined using specified Acanthamoeba species and evaluated using clinical ocular samples.
MATERIALS AND METHODS

Samples
The reference Acanthamoeba species used in this study for specificity and sensitivity experiments were purchased from the American Type Cell Collection (ATCC; Rockville, Maryland, USA) ( Table 1) . Amoebae were cultured axenically in peptone-yeast-glucose (PYG) medium at 25˚C, as previously described [24] . Clinical ocular samples (corneal scrapings and contact lens solutions) from suspected keratitis patients that registered at Kyungpook National University Hospital (Daegu, Korea) between March 2011 and March 2013 were assayed using standard diagnostic procedures, such as direct examination and culture. Donor confidentiality was maintained as is required by the Declaration of Helsinki and the study was approved by the Kyungpook National University institutional review board (IRB)/ethics committee (KNUH 2011-04-008).
Sensitivity and specificity of the Acanthamoeba LAMP assay
The sensitivities of LAMP assays were assessed using standard plasmids containing 18S rDNA LAMP targeting fragments (1, 10, 10 2 , 10 3 , and 10 4 copies) and serially diluted Acanthamoeba genomic DNA (1, 10, and 100 pg). The 18S rDNA gene was amplified by PCR from each Acanthamoeba species using primers F3 and B3 (listed in Table 2 ). PCR products were purified using a Qiaquick gel extraction kit (Qiagen, Valencia, California, USA). Thereafter, eluted PCR products were cloned into pGEM-T easy vector (Promega, Madison, Wisconsin, USA), and amplified DNA fragments were completely sequenced (Macrogen, Seoul, Korea). Concentrations of plasmid DNA were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Thermo Scientific Instruments, 
LAMP assay
Acanthamoeba-specific LAMP primers were designed as previously described by Notomi et al. [18] , and the Primer Explorer program (http://primerexplorer.jp/elamp4.0.0/index.html; Eiken Chemical Co., Japan) was used to amplify the 18S rDNA gene ( Table 2 ). The 18S rDNA sequences of Acanthamoeba sp. used for primer design were retrieved from GenBank or obtained by PCR using F3 and B3 primers for the appropriate genes . After LAMP assay, reactions were inactivated for 2 min at 80˚C and then evaluated by electrophoresis using agarose gel (2.0%) or visualized by fluorescence detection reagent (FD; Eiken Chemical) under UV light. To determine the optimal reaction temperature for the 2 LAMP assays, reaction mixtures were incubated for 120 min at 58 to 65˚C. The temperature selected was that allowed reaction to exceed the positive reaction threshold turbidity value of 0.1 in the shortest time.
Comparison of LAMP and PCR assays using clinical ocular samples
Clinical samples were suspended in 300 μl of sterile saline and divided into 3 parts. Two parts were used for DNA purification, the other was cultured for Acanthamoeba detection. DNAs were prepared from clinical ocular samples suspended in 100 μl of sterile saline, as mentioned above, using 2 different methods, that is, either by using a commercially available kit (DNeasy tissue kits, Qiagen) or by heat-treating with NaOH solution. Prior to DNA extraction, specimens were subjected to 3 freezethaw cycles using liquid nitrogen and heating (56˚C) to disrupt Acanthamoeba cysts. DNA was extracted using DNeasy tissue kits (Qiagen) in accordance with the manufacturer's instructions. One microliter of extracted DNA dissolved in 20 μl of doubly distilled water was used as the template for the PCR and LAMP assays. On the other hand, heat-treated lysates of clinical samples were prepared as previously described with minor modification [24] . Briefly, samples were concentrated by centrifugation, resuspended in 20 μl of 0.1N NaOH solution, heated at 100˚C for 3 min to disrupt Acanthamoeba trophozoites and cysts, and centrifuged at 12,000× g for 2 min at room temperature. One microliter aliquots of the supernatants collected were used as templates for PCR and LAMP. PCR was performed in triplicate using TaKaRa LA Taq polymerase (Takara Biochemicals, Kyoto, Japan) in a reaction volume of 20 μl containing Ampdirect (Shimadzu, Kyoto, Japan) and a thermal cycler (Perkin Elmer Cetus, Norwalk, Connecticut, USA). The PCR conditions used were as follows: an initiation step of 94˚C for 10 min; 35 cycles of 94˚C for 30 s, 55˚C for 90 s, and 72˚C for 60 s, and a final extension step at 72˚C for 10 min. Two primer sets (Nelson and JDP), specific for multicopy Acanthamoeba genomic sites encoding rRNA were employed per reaction [14, 15] . The primer sets had the Nelson sequences (forward, 5´-GTTTGAGGCAATAACAGGT-3´; reverse, 5´-GAATTCCTCGTTGAAGAT-3´) and generated a product 229 bp long, and the JPD sequences (forward, 5´-GGCCCAGATC-GTTTACCGTGAA-3´; reverse, 5´-TCTCACAAGCTGCTAGGG-AGTCA-3´) and generated a product 423-551 bp long. PCR products from each reaction were confirmed by DNA sequencing (Macrogen). Amplified products were visualized on 1.5% agarose gels, stained with ethidium bromide, and observed using a UV transilluminator. For culture, specimens concentrated by centrifugation were inoculated onto culture plates containing non-nutrient medium overlaid with heat-treated E. coli, and then incubated at 25˚C for 14 days. Cultures were examined daily for growth under an inverted microscope. Culture positivity was interpreted as positivity for Acanthamoeba. The relative sensitivities of PCR tests were calculated by expressing the proportions of positive samples as percentages of the proportions of corresponding culture positive samples. Calculations were made using VassarStats: Website for Statistical Computations (http://faculty.vassar.edu/lowry/VassarStats.html).
RESULTS
Optimization of Acanthamoeba LAMP assay conditions
To develop a LAMP assay for detecting Acanthamoeba, we designed a set of 6 LAMP primers targeting the 18S rDNA gene (Fig. 1) , which is highly conserved in Acanthamoeba sp. The optimal temperature and time for the LAMP reaction were determined using cloned 18S rDNA (10 6 copies per reaction) under isothermal conditions at temperatures of 60 to 65˚C for 120 min, by monitoring turbidity. Although amplification targeting the 18S rDNA gene was detected at all temperatures tested, the LAMP assay targeting the 18S rDNA gene reached a threshold value (0.1) with shortest incubation times at 64˚C (data not shown). No non-specific amplification was detected in the negative control (plasmid containing no insert) after at least 120 min of incubation. Thus, subsequent LAMP reactions were conducted at 64˚C for 90 min.
Sensitivity and specificity of LAMP assays
To determine the sensitivity of the LAMP assay, we used plasmid DNA containing the 18S rDNA gene and genomic DNA of each Acanthamoeba species. First, the LAMP assay was performed using serially diluted plasmid DNA containing the 18S rDNA gene and analyzed by plotting threshold time versus log of the initial template copy number. The detection limit of copy number for a positive turbidity signal was 10 copies of A. castellanii 18S rDNA per reaction ( Fig. 2A) (linear regression coefficient; 0.9769). In addition, the LAMP reaction was carried out using Acanthamoeba genomic DNA extracted from in vitro cultured trophozoites. The LAMP procedure amplified serially diluted A. castellanii genomic DNA at each dilution from the highest DNA concentration examined (100 pg) to as little as 1 pg for 18S rDNA (Fig. 2B) . In 18S rDNA LAMP assays using serially diluted genomic DNA extracted from in vitro cultured Acanthamoeba species, the minimal genomic DNA concentration for the detection of Acanthamoeba was 1 pg per reaction for all 11 Acanthamoeba species tested (data not shown). The specificity of the Acanthamoeba LAMP assay was evaluated using the genomic DNA of 11 known Acanthamoeba species, including species clinically associated with AK (Table 1) , 3 keratitis-related fungal species (Aspergillus fumigatus, Fusarium solani, and Candida albicans), 2 pathogenic, but keratitis-unrelated protozoan parasites (Entamoeba histolytica and Giardia lamblia), and 1 bacteria (Escherichia coli). As shown in Fig. 2C , a typical ladder pattern of amplified LAMP products on agarose gel electrophoresis was observed for all Acanthamoeba species tested by 18S rDNA targeting LAMP assays. However, no amplification was detected in LAMP assays on fungal, AK-unrelated protozoan, or bacterial DNAs (Fig. 2C) . Amplified products of positive reactions were also visually detectable using fluorescent detection reagent under UV light (Fig. 2D) . To determine the specificity of the amplification of LAMP assays, amplified LAMP products were digested with NcoI (Fig. 1, arrowhead) , and this generated the expected 216 bp fragment (Fig.  2C, lane 19) .
Validation of LAMP and PCR assays using ocular clinical samples
Ocular clinical samples from patients were initially divided into 3 for culture and template DNA preparation for LAMP as-says and PCR. In this study, Acanthamoeba-positivity was defined as culture-positivity. Fifteen Acanthamoeba-positive ocular clinical samples (11 corneal scrapings and 4 contact lens solutions) from 11 patients diagnosed with Acanthamoeba infection by microscopy after 14-21 days of in vitro culture, were tested for Acanthamoeba DNA by LAMP and PCR. Because rapid and simple sample preparations are convenient, inexpensive, and can reduce false-positive results, the template DNAs were prepared from 15 ocular samples using 2 different methods, that is, using a commercial kit (DNeasy tissue kit) or heat-treated specimens in 0.1N NaOH solution. Of these 15 culture positive samples, 9 corneal scrapings and 4 contact lens solutions were positive by PCR using Nelson primers, with sensitivities of 81.8% and 100%, respectively (Table 3) . Results for the amplification of Acanthamoeba DNA by PCR using JDP primers were positive for 8 corneal scrapings and 4 contact lens solutions, with sensitivities of 72.7% and 100%, respectively (Table  3) . For the LAMP assay, all positive samples by microscopy in culture were positive, that is, the sensitivity of the LAMP assay was 100% for corneal scrapings and contact lens solutions (Table 3). However, PCR results using direct heat-treated lysates (corneal scrapings and contact lens solutions) showed no amplification of DNA, whereas the LAMP assay using direct heattreated lysates produced the same results as those obtained us- ing DNA extracted with the commercial kit (Table 3 ; Fig. 3A, B) . As shown in Fig. 3C , which contains representative results, realtime turbidities showed LAMP product amplification within 30 min for heat-treated corneal scrapings and for contact lens solutions lysates collected from a patient, in whom Acanthamoeba infection was confirmed after 10 days of culture (Fig. 3D) .
DISCUSSION
AK is a vision-threatening disease that is difficult to diagnose and manage, and the incidence of AK is probably increasing, as AK is most commonly associated with contact lens wearing [1] . Furthermore, effective treatment requires a rapid, sensitive, inexpensive, and easily performed diagnostic method that produces readily interpreted results. Microscopic identification from direct smears or cultured specimens is a highly specific method for detecting Acanthamoeba, but it is time-consuming and requires technical expertise to discriminate Acanthamoeba cysts and trophozoites. To solve these problems, new molecular diagnostic tests have been developed. PCR-based methods have been developed to detect Acanthamoeba in corneal scrapings [14, 15] , but despite the effectivenesses of these assays for Acanthamoeba detection, relatively expensive laboratory equipment, a trained specialist, and DNA preparation processes are required, which limits their usefulnesses. On the other hand, LAMP can be performed with minimal laboratory facilities, such as a heating block or a water bath. Furthermore, the use of a fluorescent dye or the assessment of turbidity by eyes reduces the need for time-consuming post-PCR procedures, such as agarose gel electrophoresis. Previous studies have shown that PCR has slightly higher sensitivity (Nelson primer PCR) or lower sensitivity (JDP primer PCR) than the culture of corneal scrapings [15, 25] . In the present study, Nelson primer PCR was more effective at DNA amplification than JDP primer PCR, which is consistent with previous reports [25] . Using culture positivity as the "gold standard", the sensitivities of Nelson primer PCR and JDP primer PCR were lower than that of LAMP assay, indicating that amplification of Acanthamoeba DNA by LAMP is more sensitive for the diagnosis of AK. Furthermore, straightforward sample preparation reduces the risk of cross-contamination, and thus, the risks posed by false-positive results. In the present study, LAMP assay based on directly heat-treated samples was found to be as efficient at detecting Acanthamoeba as DNA extracted using a commercial kit, whereas PCR was only effective when kit-extracted DNA was used (Table 3) . This difference between LAMP and PCR results is probably due to the ability of LAMP to better tolerate biological contaminants [26, 27] . Thus, the devised Acanthamoeba LAMP assay could eliminate the need for DNA extraction without compromising sensitivity and reduce the time required to reach a diagnosis. Furthermore, the simplicity, rapid sample preparation, and straightforward detection of LAMP suggest its potential applications in regions where non-contact lens-related AK is prevalent [16, 17] . Although, in the present study the LAMP assay was only applied to corneal ocular specimens, the assay could be used to detect GAE-causing Acanthamoeba in immunocompromised hosts. GAE presents as a subacute but progressive meningoencephalitis that is almost universally fatal [28] , and thus, we consider it worth investigating whether this assay could be modified to enable the diagnoses of amoebic infections using cerebrospinal fluid or brain tissue samples. Furthermore, Acanthamoeba is one of the most common protists in soil and is also found in freshwater, cooling towers, and sewage systems [1] , and thus, the described LAMP assay could be used for the active surveillance of Acanthamoeba.
Recently, several studies have described LAMP assays targeting 18S rDNA for the detection of Acanthamoeba in contact lens cases [23] . However, the effectivenesses of these tests were not evaluated on Acanthamoeba sp. from ATCC reference strains, with the exception of A. castellanii. Moreover, the LAMP amplicon shows a typical ladder-pattern of multiple bands, as shown in Fig. 3A , but only a single broad band of LAMP-amplified products by gel electrophoresis [23] . Although our LAMP assay also targeted the Acanthamoeba 18S rDNA gene, we designed our primers based on multiple DNA sequence alignments that can detect most Acanthamoeba sp, including all known AKassociated species. Furthermore, 2 additional loop primers were included to enhance the amplification reaction and to reduce reaction times.
Summarizing, we describe the development and validation of a LAMP assay for the detection of Acanthamoeba DNA from clinical ocular samples, and suggest that this technique be used to supplement traditional culture for the detection of AK, especially when diagnostic equipment is minimal.
